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Abstract
The orbital polarization of twisted electrons carrying an intrinsic orbital angular momentum is
not influenced by field perturbations in arbitrary magnetic fields. This property means an existence
of the Siberian snake-like behavior for an orbital polarization of a beam of twisted electrons in
cyclotrons with the main magnetic field and magnetic focusing. As a result, the acceleration
of twisted electron beams in cyclotrons necessary for their applications in high-energy-physics
experiments considerably simplifies.
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Twisted (vortex) electrons which existence has been predicted in Ref. [1] are Dirac
particles carrying an intrinsic orbital angular momentum (OAM). They have been discovered
in 2010 [2]. Since such electrons possess large magnetic moments, this discovery has opened
new possibilities in the electron microscopy and investigations of magnetic phenomena (see
Refs. [5–10, 12, 13] and references therein). Twisted electron beams with large intrinsic
OAMs (up to 1000~) have been recently obtained [11]. Main properties of twisted electrons
have been expounded in the reviews [12, 13]. In Refs. [14, 15], the general form of relativistic
classical and quantum-mechanical equations of motion has been obtained for an intrinsic
OAM of twisted electrons in electric and magnetic fields. The orbital polarization (the
fixed direction of intrinsic OAMs) of twisted electrons obtained experimentally is parallel or
antiparallel to their momenta.
It is known that the acceleration of particles may be accompanied by their passing through
spin resonances. These resonances may lead to a depolarization of particle beams. In
particular, the beam depolarization is very important for polarized protons. To pass them
through spin resonances, one uses Siberian snakes. It has been proposed in Refs. [14, 15] to
accelerate polarized (and unpolarized) beams of twisted electrons for their applications in
high-energy-physics experiments. The natural question can be put: are there any resonances
depolarizing a beam with an orbital polarization?
We answer this question in the present work. The system of units ~ = 1, c = 1 is used.
The equation of motion of the intrinsic OAMs (L) of twisted electrons or other twisted
particles in electric and magnetic fields has the form [14, 15]
dL
dt
= Ω× L, Ω = −
e
2mcγ
(B − β ×E) , (1)
where γ is the Lorentz factor and β = V /c. The motion of the intrinsic OAMs is the Larmor
precession. Otherwise, the angular velocity of their cyclotron motion is defined by
dN
dt
= ω ×N , ω = −
e
mcγ
(
B −
β ×E
β
)
, (2)
where N = p/p is the unit vector along the momentum direction. One usually applies
cyclotrons with the main vertical magnetic field and magnetic focusing. Evidently, the
accelerating longitudinal electric field does not influence the quantities ω and Ω. In this
case, β ×E. As a result,
ω = 2Ω (3)
2
for any beam energy.
Equation (3) means that any perturbation of the intrinsic-OAM motion (originated from
a horizontal magnetic field at any path section) twice affects the electron during the period of
the intrinsic-OAM rotation. It is important that the phases of the intrinsic-OAM oscillation
at the moments of the twofold action of the perturbation are opposite and the deflections
of the intrinsic OAM caused by this perturbation are also opposite. Thus, the acceleration
of twisted electrons in usual cyclotrons with the main vertical magnetic field and magnetic
focusing does not lead to the resonant orbital depolarization.
The result presented means an existence of the Siberian snake-like behavior for an orbital
polarization of a beam of twisted electrons. This is the wonderful property of orbitally
polarized twisted electron beams significantly simplifying their acceleration in cyclotrons.
The work was supported in part by the Belarusian Republican Foundation for Funda-
mental Research (Grant No. Φ18D-002), by the Heisenberg-Landau program of the Fed-
eral Ministry of Education and Research of Germany (Bundesministerium fu¨r Bildung und
Forschung), and by the Russian Foundation for Basic Research (Grant No. 16-02-00844-A).
[1] K. Bliokh, Y. Bliokh, S. Savel’ev, and F. Nori, Semiclassical Dynamics of Electron Wave
Packet States with Phase Vortices, Phys. Rev. Lett. 99, 190404 (2007).
[2] M. Uchida, A. Tonomura, Generation of electron beams carrying orbital angular momentum,
Nature 464, 737 (2010); J. Verbeeck, H. Tian, P. Schattschneider, Production and application
of electron vortex beams, Nature 467, 301 (2010).
[3] K. Y. Bliokh, I. P. Ivanov, G. Guzzinati, L. Clark, R. Van Boxem, A. Be´che´, R. Juchtmans,
M. A. Alonso, P. Schattschneider, F. Nori, and J. Verbeeck, Theory and applications of free-
electron vortex states, Phys. Rep. 690, 1 (2017).
[4] S. M. Lloyd, M. Babiker, G. Thirunavukkarasu, and J. Yuan, Electron vortices: Beams with
orbital angular momentum, Rev. Mod. Phys. 89, 035004 (2017).
[5] S. M. Lloyd, M. Babiker, G. Thirunavukkarasu, and J. Yuan, Electromagnetic Vortex Fields,
Spin, and Spin-Orbit Interactions in Electron Vortices, Phys. Rev. Lett. 109, 254801 (2012).
[6] J. Rusz, S. Bhowmick, M. Eriksson, N. Karlsson, Scattering of electron vortex beams on
a magnetic crystal: Towards atomic-resolution magnetic measurements, Phys. Rev. B 89,
3
134428 (2014).
[7] A. Edstro¨m, A. Lubk, J. Rusz, Elastic scattering of electron vortex beams in magnetic matter,
Phys. Rev. Lett. 116, 127203 (2016).
[8] A. Be´che´, R. Juchtmans, J. Verbeeck, Efficient creation of electron vortex beams for high
resolution STEM imaging, Ultramicroscopy 178, 12 (2017).
[9] V. Grillo, T. R. Harvey, F. Venturi, J. S. Pierce, R. Balboni, F. Bouchard, G. C. Gazzadi,
S. Frabboni, A. H. Tavabi, Z. Li, R. E. Dunin-Borkowski, R. W. Boyd, B. J. McMorran, E.
Karimi, Observation of nanoscale magnetic fields using twisted electron beams, Nat. Commun.
8, 689 (2017).
[10] B. J. McMorran, A. Agrawal, P. A. Ercius, V. Grillo, A. A. Herzing, T. R. Harvey, M. Linck
and J. S. Pierce, Origins and demonstrations of electrons with orbital angular momentum,
Phil. Trans. R. Soc. A 375, 20150434 (2017).
[11] V. Grillo, G. C. Gazzadi, E. Karimi, E. Mafakheri, R. W. Boyd, and S. Frabboni, Highly
Efficient Electron Vortex Beams Generated by Nanofabricated Phase Holograms, Appl. Phys.
Lett. 104, 043109 (2014); V. Grillo, G. C. Gazzadi, E. Mafakheri, S. Frabboni, E. Karimi,
and R. W. Boyd, Holographic Generation of Highly Twisted Electron Beams, Phys. Rev.
Lett. 114, 034801 (2015); E. Mafakheri, A. H. Tavabi, P.-H. Lu, R. Balboni, F. Venturi, C.
Menozzi, G. C. Gazzadi, S. Frabboni, A. Sit, R. E. Dunin-Borkowski, E. Karimi, and V.
Grillo, Realization of electron vortices with large orbital angular momentum using miniature
holograms fabricated by electron beam lithography, Appl. Phys. Lett. 110, 093113 (2017); H.
Larocque, I. Kaminer, V. Grillo, G. Leuchs, M. J. Padgett, R. W. Boyd, M. Segev, E. Karimi,
‘Twisted’ electrons, Contemp. Phys. 59, 126 (2018).
[12] K. Y. Bliokh, I. P. Ivanov, G. Guzzinati, L. Clark, R. Van Boxem, A. Be´che´, R. Juchtmans,
M. A. Alonso, P. Schattschneider, F. Nori, and J. Verbeeck, Theory and applications of free-
electron vortex states, Phys. Rep. 690, 1 (2017).
[13] S. M. Lloyd, M. Babiker, G. Thirunavukkarasu, and J. Yuan, Electron vortices: Beams with
orbital angular momentum, Rev. Mod. Phys. 89, 035004 (2017).
[14] A. J. Silenko, Pengming Zhang and Liping Zou, Manipulating Twisted Electron Beams, Phys.
Rev. Lett. 119, 243903 (2017).
[15] A. J. Silenko, Pengming Zhang and Liping Zou, Relativistic quantum dynamics of twisted
electron beams in arbitrary electric and magnetic fields, Phys. Rev. Lett. 121, 043202 (2018).
4
